Abstract Long-term use of soil, crop and fertilizer management practices alters some soil properties, but the magnitude of change depends on soil type and climatic conditions. A field experiment with a barley (Hordeum vulgare L.)-wheat (Triticum aestivum L.)-canola (Brassica napus L.) rotation was conducted on a Gray Luvisol (Typic Cryoboralf) and N fertilizer rate (0, 50 and 100 kg N ha -1 in S Ret , and 0 kg N ha -1 in S Rem plots) were determined on total organic C (TOC) and N (TON), light fraction organic C (LFOC) and N (LFON), macro organic matter C (MOM-C) and N (MOM-N), microbial biomass C (MB-C), and mineralizable C (C min ) and N (N min ) in the 0-7.5 and 7.5-15 cm or 0-5, 5-10 and 10-15 cm soil layers. Zero tillage and S Ret tended to have higher, and N fertilizer treatment usually had higher mass of TOC, TON, LFOC, LFON, C min and N min in soil compared to the corresponding CT, S Rem and zero-N control treatments, especially in the surface soil layers. Soil MB-C, MOM-C and MOM-N in soil generally tended to be higher with S Ret than S Rem , and also with N fertilizer than zero-N. There was no additional beneficial effect of ZT in increasing MB-C in soil. There were close and significant correlations among most soil organic C or N fractions, except for MB-C which did not correlate with MOM-N, and N min did not correlate with MOM-C. Linear regressions between crop residue C input and soil organic C or N were significant in most cases, except for MB-C and N min . Compared to the 1979 data, all treatments that did not receive N fertilizer (CTS Rem 0, CTS Ret 0, ZTS Rem 0 and ZTS Ret 0) showed a decrease in TOC concentration in the 0-15 cm soil layer over time, with the highest decrease in the CTS Rem 0 treatment. Straw retention and N fertilizer application at 50 and 100 kg N ha -1 under both ZT (ZTS Ret 50 and ZTS Ret 100) and CT (CTS Ret 50 and CTS Ret 100) resulted in a strongest increase in TOC during the first 11 years, and since then the TOC decreased under both N rates but 50 kg N ha -1 rate under CT (CTS Ret 50) showed the strongest negative effect on TOC in soil. In conclusion, elimination of tillage, straw retention and N application all improved organic C and N in soil, and generally differences were more pronounced for light fraction organic C and N, and between the most extreme treatments
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Introduction
Long-term research studies provide an effective way to determine the best management practices for sustainable crop production, soil quality and environment. With recent developments, such as the Kyoto protocol, there is a desire to identify best management practices to enhance carbon (C) sequestration. Soil organic matter is the primary source and temporary sink for plant nutrients and it maintains soil tilth, aids air and water movement, promotes water retention and reduces soil erosion. Soil organic carbon (SOC) reserves in western Canada have diminished considerably since the initial cultivation of native prairie grasslands approximately 100 years ago (McGill et al. 1988) . The decline of SOC is the result of the conversion from native prairie (perennial grass system) to a cultivated annual cropping system, especially with summer fallow. Adoption of better management strategies such as continuous cropping, reduced tillage, improved fertilization, application of organic amendments and crop rotations including perennial forage can increase the amount of organic C and/or N stored in the soil (Soon and Arshad 1996; Janzen et al. 1998; Campbell et al. 2001; Liang et al. 2002; Malhi et al. 2008 Malhi et al. , 2009 .
Annual plant residue inputs and outputs of C are small relative to the amount of organic C present in the soil. Therefore, changes in SOC are difficult to detect, particularly in the short term. However, measurement of dynamic organic C and nitrogen (N) fractions (macro organic matter C [MOM-C] and N [MOM-N] , potentially mineralizable C [C min ] and N [N min ], light fraction organic C [LFOC] and N [LFON] , and microbial biomass C [MB-C]) in soils may allow researchers to quickly assess the changes undergone by SOM in response to new management practices (Janzen et al. 1992; Gregorich et al. 1994; Gregorich and Janzen 1995) . Dynamic organic C fractions are useful to detect changes in SOC in the early years of a new management practice Doran and Parkin 1994) . Unfortunately, dynamic organic fractions cannot be used to measure changes in the concentration of total organic C (TOC) and N (TON) in soil, because they are not informative by themselves after the soil has reached a new steadystate (Janzen et al. 1998) .
In the Prairie Provinces of Canada, zero-tillage (ZT), also called no-till or direct seeding, is becoming very popular, as it prevents soil erosion, and reduces loss of C (Halvorson et al. 2002) and improves economic returns and/or crop yields (Zentner and Lindwall 1978; Malhi et al. 1988 Malhi et al. , 1993 Malhi and Lemke 2007) . In the Black (Boroll) and Luvisol (Boralf) soil zones of western Canada, elimination of tillage, returning of crop residues to soil and N fertilization have shown some enhancement in organic matter in soil, and improvement in some soil physical, chemical and biological properties (Nuttall et al. 1986; Campbell et al. 1991; Nyborg et al. 1995; Singh and Malhi 2006; Plante et al. 2006; Malhi and Lemke 2007) . However, there is limited information on the long-term effects of soil, crop and fertilizer management practices on the quantity and quality of organic C and N in soil, particularly in the Gray Luvisol (Typic Cryoboralf) soils. The objective of our study was to determine the effects of tillage, straw management and N fertilizer rate on TOC, TON, LFOC, LFON, C min , N min , MB-C, MOM-C and MOM-N in soil after 19 or 27 years/growing seasons in a Gray Luvisol soil.
Materials and methods

Location and experimentation
The field experiment was conducted at Breton (53°07 0 N, 114°28 0 W; elevation 830 m), Alberta, Canada. This area belongs to ecoregion Peace Lowland/Boreal Transition with a rolling landscape. The soil was an Orthic Gray Luvisol (Typic Cryoboralf), with loam texture, pH of 6.6 and initial total C concentration of 13.75 g C kg -1 . The mean annual precipitation of the area is 475 mm and the growing season is from May to August. Approximately 60% of the total precipitation occurs in the growing season. This area has 2,356 growing degree days (GDD) at [0°C and 1,335 GDD at [ 5°C, 118 days frost free period, mean growing season precipitation 335 mm (range of 182-514 mm) and a growing season mean temperature of 14°C (7-20°C).
The experiment was initiated in the autumn of 1979 to study the influence of fertilizer N-straw managementtillage interactions on crop productivity and soil properties. The treatments were arranged in a randomized complete block design in four replications. Initially, the plots were planted to a continuous barley (Hordeum vulgare L.) rotation with two tillage systems (conventional tillage [CT] (Nyborg et al. 1995) . However in 1991, another N treatment was added (100 kg N ha ) and the 56 kg N ha -1 was reduced to 50 kg N ha -1 (Table 1) . At the same time, the barley rotation was changed to spring wheat (Triticum aestivum L.). In 1997, the rotation was then changed to a barley-wheat-canola (Brassica napus L.) rotation. Individual plots were 2.8 9 6.9 m. Plots under CT were tilled twice, once in the autumn and once in the spring, with a chisel cultivator followed by a coil packer. The ZT plots did not undergo any disturbance, except for seeding drill. The crop was harvested every year from 1980 to 2006 for seed and straw yield. In autumn 1998 (in the wheat phase), and in spring 2007 (in the wheat phase), soil samples were taken from each plot after growing cereals. The soil samples were then analyzed for various organic C and N fractions. Treatment effects were evaluated by laboratory determinations conducted on soil samples taken from the experimental units (8 treatments 9 4 replications = 32 experimental units) at different soil depths and specific dates while the experiment was being conducted.
Soil sampling and laboratory analysis
Autumn 1998 soil samples Soil sampling and sample preparation A standardized sampling protocol for C assessments, developed by Ellert and Janzen (1996) and modified for plot sampling, was used for soil sampling in autumn 1998. Three, 9.5 cm diameter cores per plot were bulked for the 0-7.5, 7.5-15, 15-30 and 30-40 cm soil layers. Soil samples were air dried for 2 weeks and weighed. A sub sample was taken for soil moisture determination. The bulk density of each depth was calculated using soil weight and core volume (Culley 1993) . Air-dried soil samples were ground to pass a 2 mm sieve, and sub-samples pulverized in a vibrating-ball mill (Retsch, Type MM2, Brinkman Instruments Co., Toronto, Ontario) for determination of organic C and N in various fractions. Soil samples from all layers for organic C analyses were tested for the presence of inorganic C (carbonates) using dilute HCl. Inorganic C was not detected in any soil sample, therefore C in soil associated with each fraction was considered to be of organic origin.
Dynamic organic C and N analysis Analyses for dynamic organic C and N fractions, e.g., MOM-C, MOM-N, C min , N min and MB-C, were performed only on soil in the 0-7.5 and 7.5-15 cm layers collected in autumn 1998. Prior to analysis, macro organic matter (MOM) separation was carried out using the method described by Gregorich and Ellert (1993) . The MOM samples were dried (72 h at 60°C), weighed and finely ground before C and N analysis. The remaining soil (deMOM'd soil) was analyzed for SOC, SON, LFOC, LFON, C min , N min , and MB-C. Light fraction organic matter (LFOM) was separated using a NaI solution of 1.7 Mg m -3 specific gravity, following the method described by Janzen et al. (1992) and modified by . The C and N in LFOM (LFOC and LFON) were measured by Dumas combustion using a Carlo Erba instrument (Model NA 1500, Carlo Erba Strumentazione, Italy). For comparison with other authors, the amounts of LFOC and LFON in the 0-7.5 and 7.5-15 cm soil layers were calculated as: LFOC = LFOC (deMOM'd soil) ? MOM-C, and LFON = LFON (deMOM'd soil) ? MOM-N, because the majority MOM is LF ). Mineralizable C and N in soil for the 0-7.5 and 7.5-15 cm layers were estimated from the quantities of CO 2 -C and ammonium-N ? nitrate-N, respectively, that were mineralized from an unfumigated sample during the 10-d incubation at 25°C and a soil water potential of -30 J kg -1 (Campbell et al. 1991) . The concentrations ammonium-N and nitrate-N were measured with a Technicon Autoanalyzer II (Technicon Industrial Systems 1973a, b) . Soil microbial biomass (MB-C) was determined by using the chloroform fumigation-incubation method (Jenkinson and Powlson 1976) , as described by Biederbeck et al. (1984) .
Total organic C (TOC) and N (TON) analysis Representative soil sub-samples of all layers were analyzed for organic C and N. The 0-7.5 and 7.5-15 cm layers had SOC and SON analysis on deMOM'd soil. For comparison with other authors, the amounts of TOC and TON in the 0-7.5 and 7.5-15 cm soil layers were calculated as: TOC = SOC (deMOM'd soil) ? MOM-C, and TON = SON (deMOM'd soil) ? MOM-N. For the 15-30 and 30-40 cm layers, TON in soil was measured by using method described by Technicon Industrial Systems (1977) , and TOC in soil was measured by Dumas combustion.
Spring 2007 soil samples
Soil sampling and sample preparation Soil cores from 8 locations in each plot were collected from the 0-5, 5-10, 10-15, and 15-20 cm layers using a 2.4 cm diameter coring tube. Bulk density of soil was determined by the core method (Culley 1993) . The soil samples were air dried at room temperature after removing coarse roots and easily detectable crop residues, and ground to pass a 2 mm sieve. Subsamples were pulverized in a vibrating-ball mill for determination of organic C and N in various fractions.
Organic C and N analysis The method of Technicon Industrial Systems (1977) was used to determine TON in the soil. Light fraction organic matter (LFOM) was separated using a NaI solution of 1.7 Mg m -3 specific gravity, following the method described by Janzen et al. (1992) and modified by . The TOC, and C and N in LFOM (LFOC, LFON) were measured by Dumas combustion. Soil samples of all layers for organic C and N analyses were also tested to detect any inorganic C using dilute HCl, but none was found.
Determination of cumulative crop residue or crop residue C input
The amounts of cumulative crop residue (CR) input from 1980 to 1998 or 2006 growing seasons were estimated as above-ground residue (AGR) plus belowground residue (BGR) returned to soil. The AGR was determined from the straw yield of each crop from 1980 to 1998 or 2006 growing seasons. The BGR was estimated from grain dry weight (GDW) and AGR, using the formula: BGR = a (GDW ? AGR). Based on regression models reported in Canada (IPCC 2006) , the value of the constant 'a' was 0.22 for barley, 0.24 for wheat and 0.25 for canola. The amounts of crop residue C input were estimated by multiplying the concentration of C by the amount of crop residue. The estimated C concentration was 44% for barley residue (Nyborg et al. 1995) , 45% for wheat and 42% for canola (Lupwayi et al. 2007 ). The cumulative amounts of crop residue calculated as: CR = AGR ? BGR; and of crop residue C as: CR-C = AGR-C ? BGR-C, for 1980-1998 (19 years), or 1980-2006 (27 years 1979, 1990 and 2007 results with 1998 soil samples, the TOC based on a fixed depth was calculated as the sum of MOM-C and deMOM'd-C for both depth 1 and 2. The C values (Mg C a -1 ) from 0 to 7.5 cm and 7.5 to 15 cm layers were summed to give a mass of C for the 0-15 cm layer. Because there was limited information from the samples in 1979 and 1990 (no bulk density), the mean bulk density for the 0-7.5 and 7.5-15 cm layers was used to back calculate 1998 TOC mass values (Mg C ha -1 ) into g C kg -1 . The lack of information from 1979 and 1990 also prevented comparison on an ESM basis, and therefore, g C kg -1 soil from the 1998 samples was based on a fixed depth (0-15 cm). A similar procedure was used to calculate the concentration of TOC (g C kg -1 ) in the 0-15 cm soil layer for spring 2007 samples.
Statistical analysis
The data on TOC, TON, LFOC, LFON, MOM-C, MOM-N, C min , N min , and MB-C were calculated using the equivalent soil mass (ESM) technique (Ellert and Bettany 1995) . The calculated data for each were subjected to analysis of variance (ANOVA) using procedures as outline in SAS (SAS Institute Inc. 2004). Significant (P B 0.05) differences between each treatment were determined using LSmeans (Proc GLM, SAS 6.1 for windows). Fisher's least significant difference (LSD 0.05 ) test was used to compare treatment means for various parameters. Correlations between treatment means TOC, TON, LFOC, LFON, MOM-C, MOM-N, MB-C, C min , N min , and crop residue C were calculated using the linear (REG) procedure.
Results
Soil organic C and N
Autumn 1998 soil samples
The overall treatment effects on mass of TOC and TON were significant in all soil layers ( Table 2 ). The mass of TOC in soil changed with tillage, straw management and N application, but the differences were not always significant. Compared to CT treatments, ZT tended to have higher (but not significant) TOC mass in soil, and on average ZT had higher TOC mass by 2.17 Mg and 1.77 Mg C ha -1 in the 0-7.5 and 7.5-15 cm soil layers, respectively. The mass of TOC in soil in S Ret treatments tended to be higher (but not significant) compared to S Rem treatments. The average increase in mass of TOC due to S Ret was 1.70 Mg C ha -1 in the 0-7.5 cm soil layer, but no change in the 7.5-15 cm soil layer. The mass of TOC in soil increased significantly with N fertilization. On average, the TOC mass due to N application increased by 2.95-3.64 and 3.67-4.74 Mg C ha -1 in the 0-7.5 and 7.5-15 cm soil layers, respectively. Like TOC, the mass of TON in soil tended to be higher (but not significant) under ZT compared to CT ( Table 2 ). The S Ret treatment tended to have higher (but not significant) TON mass in soil over the S Rem treatment, but only in the 0-7.5 cm soil layer. Annual applications of N fertilizer significantly increased TON mass in both soil layers. Overall, treatments with inputs of straw and fertilizer N under ZT had the highest mass of TOC and TON in soil. The effects of treatments on soil TOC and TON were generally more pronounced in the 0-7.5 layer than in the 7.5-15 cm layer. There was no effect of tillage, straw management and N fertilizer on TOC and TON in the 15-30 and 30-40 cm soil layers (data not shown).
Spring 2007 soil samples
The overall treatment effects on mass of TOC and TON in different soil layers were significant most cases (Table 3) . Similar to the results of 1998, the mass of TOC in the 0-15 cm soil layer in 2007 was also altered with tillage, straw management and N fertilization although the effects were not always significant. The mass of TOC in soil tended to be higher (but not significant) under ZT than CT treatments, and also in S Ret than S Rem treatments. On average, the mass of TOC in soil under ZT was higher by 3.63 Mg C ha -1 than CT, and the increase in TOC in soil due to S Ret was 2.26 Mg C ha -1 . There was a dramatic increase in TOC with N fertilizer application at 50 kg N ha -1 , and a further increase at 100 kg N ha -1 under both ZT and CT where straw was retained. The response trends of TON in soil to tillage, straw management and N fertilization were similar to TOC (Table 3 ). The mass of TON in soil tended to be higher (but not significant) under ZT than CT treatments, and also Nutr Cycl Agroecosyst (2011) 90:1-20 5 in S Ret than S Rem treatments. The average increase in TON mass in the 0-15 cm soil layer was 0.234 Mg C ha -1 due to ZT, and 0.258 Mg C ha -1 due to S Ret . There was an increase in TON with application of N at 50 kg N ha -1 , and a further increase at the higher N rate under both tillage systems. Like 1998, the mass of TOC and TON in the 0-15 cm soil layer in 2007 was highest in treatment under ZT when straw was retained and N fertilizer was applied. The effects of treatments were more pronounced in the surface 0-5 cm soil layer than in the deeper soil layers.
Light fraction organic C and N
Autumn 1998 soil samples
The overall treatment effects on mass of LFOC and LFON were significant in all soil layers (Table 4) . Like TOC, the mass of LFOC in soil increased with ZT, S Ret and N application, but the effects were significant only for N fertilization. The mass of LFOC in the 0-15 cm soil layer tended to be higher (but not significant) in S Ret than S Rem treatments, and the average increase in soil LFOC mass due to S Ret Table 2 Effect of long-term tillage, straw and N rate on mass of soil total organic C (TOC) and total organic N (TON) in soil in autumn 1998 at Breton, Alberta, Canada (Gray Luvisol soil, experiment established in autumn 1979) Treatment (tillage/straw/kg N ha The difference between two means followed by the same letter is not statistically significant at P B 0.05 treatment was 181 kg C ha -1 in the 0-7.5 cm soil layer, but only 20 kg C ha -1 in the 7.5-15 cm soil layer. There was no additional benefit in increasing soil LFOC mass from ZT compared to CT. Soil LFOC mass increased with N fertilizer application over the zero-N control in both soil layers under both tillage systems. On average, LFOC mass in the 0-15 soil layer was increased by 490 kg C ha -1 at 50 kg N ha -1 and no further increase in LFOC beyond this N rate.
A response of LFON mass in the 0-15 cm soil layer to straw management and N fertilization was observed, which was similar to LFOC (Table 4) . Soil LFON mass tended to be higher (but not significant) in S Ret treatments than S Rem treatments, and on average soil LFON mass in S Ret treatment was higher by 7.6 kg N ha -1 in the 0-7.5 cm soil layer, and by only 1.0 kg N ha -1 in the 7.5-15 cm soil layer compared to S Rem treatment. Tillage had no effect on LFON. The mass of LFON increased with N fertilizer application in both soil layers. The increase in LFON mass with N fertilizer over the zero-N control was 12.6 kg N ha -1 at 50 kg N ha -1 and 14.6 kg N ha -1 at 100 kg N ha -1 rate in the 0-7.5 soil layer. The corresponding increases in LFON mass in the 7.5-15 cm soil layer were 4.3 and 3.2 kg N ha -1 . Overall, treatments with inputs of straw and fertilizer N had higher mass of LFOC and LFON in soil than the treatments with no straw or no fertilizer N input. Treatment CTS Rem 0 had the lowest LFOC and LFON in soil. The effects of straw management and N fertilizer on LFOC and LFON were more pronounced in the 0-7.5 cm soil layer than in the 7.5-15 cm soil layer.
Spring 2007 soil samples
The overall treatment effects on LFOC and LFON in different soil layers were significant in almost all cases (Table 5 ). Responses of LFOC and LFON in soil to tillage, straw management and N fertilization treatments were generally similar, but were more pronounced in the surface 0-5 cm soil layer than in the other soil layers. The mass of LFOC and LFON in the 0-15 cm soil layer tended to be higher (but not significant) under ZT than CT, or in S Ret than S Rem treatments. On average, the mass of LFOC and LFON in soil, respectively, was higher by 285 kg C ha -1 and 12.4 kg N ha -1 under ZT than CT, and by 75 kg C ha -1 and 2.8 kg N ha -1 in S Ret than S Rem treatments. There was a considerable increase in LFOC and under both ZT and CT treatments, and further increase with the higher N rate under ZT only. Most of the increase in LFOC and LFON due to N application was in the 0-5 cm soil layer. In the 0-15 cm soil layer, LFOC due to N fertilizer application was increased by 560 kg C ha -1 at 50 kg N ha -1 , and by 965 kg C ha -1 at 100 kg N ha -1 rate. The corresponding values for LFON were 20.3 kg N ha -1 at 50 kg N ha -1 , and 43.2 kg N ha -1 at 100 kg N ha -1 . The increase in LFOC and LFON in soil due to N fertilization was much higher under ZT than CT.
Mineralizable C (C min ) and N (N min )
Autumn 1998 soil samples
The overall treatment effects on C min and N min in different soil layers were significant in most cases (Table 6 ). Both C min and N min in the 0-15 soil layer responded significantly to tillage and N fertilization, but the effect of straw management was slight. The mass of C min was higher under ZT than CT, and the average mass of C min in the 0-15 cm soil layer was higher by 64 kg C ha -1 under ZT than CT. Application of N fertilizer increased C min over the zero-N control by 73 kg C ha -1 at 50 kg N ha -1 and 89 kg C ha -1 at 100 kg N ha -1 in the 0-15 cm soil layer. The mass of N min in the 0-15 cm soil layer was higher under ZT than CT, and the average increase of N min in soil due to ZT was 11.6 kg N ha -1 . The application of N fertilizer resulted in an increase in soil N min compared to the zero-N control in both soil layers. The increase in N min mass in the 0-15 cm soil layer due to N application was 6.4 kg N ha -1 at 50 kg N ha -1 and 8.7 kg N ha -1 at 100 kg N ha -1 . Straw retention had little effect on C min and N min in soil.
Microbial biomass C (MB-C), and macro organic matter C (MOM-C) and N (MOM-N)
Autumn 1998 soil samples
The overall treatment effect was significant only for MOM-C in the 0-7.5 soil layer (Table 7 ). There was no significant effect of tillage, straw or N fertilizer treatments on MB-C mass in soil. The mass of MB-C, MOM-C and MOM-N in soil tended to be lower (but not significant) under ZT compared to CT, but S Ret treatment tended to have higher (but not significant) The difference between two means followed by the same letter is not statistically significant at P B 0.05 MB-C, MOM-C and MOM-N mass in soil compared to S Rem treatment. Application of N tended to increase MOM-C and MOM-N mass in both soil layers, but no effect on MB-C. The average increase in MOM-C mass in the 0-15 cm soil layer due to N application was 212 kg C ha -1 at 50 kg N ha -1 , but no further increase beyond this N rate. The effects of treatments on MOM-C and MOM-N in soil were much less pronounced in the 7.5-15 cm soil layer than in the 0-7.5 cm soil layer.
C:N ratios in various organic fractions
The C:N ratios of the light organic and MOM dynamic fraction and total organic fraction for the 0-15 cm soil layer in autumn 1998 soil samples were not significantly different among tillage, straw and N fertilizer treatments (data not shown). For the mineralizable fraction, the C:N ratios were slightly higher in CT treatments (range of 13.72-18.22) than in the ZT treatments (range of 11.11-12.59). Also, Table 7 Effect of long-term tillage, straw and N rate on mass of microbial biomass C (MB-C), MOM-C, MOM-N in soil in autumn 1998 at Breton, Alberta, Canada (Gray Luvisol soil, experiment established in autumn, 1979) Treatment (tillage/straw/kg N ha The difference between two means followed by the same letter is not statistically significant at P B 0.05
Nutr Cycl Agroecosyst (2011) 90:1-20 11 C:N ratios for the mineralizable fraction were lower than the other two dynamic organic fractions (range of 23.47-28.02 for light organic fraction, and range of 24.03-28.69 for MOM fraction), but were closer to those for the total organic fraction (range of 9.81-10.63). In spring 2007 soil samples, the C:N ratios of total organic fraction (range of 8.14-9.80) for the 0-15 cm soil layer were not affected by tillage, straw or N rate treatments (data not shown).
For the light organic fraction, the C:N ratios tended to decrease with N rate under both and ) treatments. The C:N ratios were much higher for the light organic fraction than the total organic fraction. This was most likely due to higher concentration of organic C in fresh decomposing crop residues for the light organic fraction as opposed to the total organic fraction.
Relationships between soil organic C and N fractions, and between crop residue C input and soil organic C or N fractions There were generally strong and highly significant positive correlations, especially after 27 years, among TOC, TON, LFOC and LFON (Table 8) (Table 9 ). The correlations of crop residue C input with N min and MB-C were low and not significant.
Discussion
Soil biochemical properties
Earlier research has shown that the quantity and/or quality of organic matter in soil can be altered by tillage, residue management and fertilization (Havlin et al. 1990; Nyborg et al. 1995) . Tillage increases oxidation of soil organic matter (Doran and Scott-Smith 1987) , while ZT reduces its oxidation because of less mixing with the soil (Doran 1980) . Therefore, one would expect a substantial increase of TOC in soil under ZT compared to CT (Halvorson et al. 2002) , especially in soils with relatively low initial organic matter content (Hassink and Whitmore 1997; Thomson et al. 2006) . Crop residues provide a source of organic matter, so when returned to soil the residues increase the storage of organic C and N in soil, whereas their removal results in a substantial loss of organic C and N from the soil system (Nuttall et al. 1986; Campbell et al. 1991 Campbell et al. , 1998 Nyborg et al. 1995; Solberg et al. 1997; Malhi and Lemke 2007) . Similarly in our study after both 19 and 27 years, ZT and S Ret showed a trend of increase in mass of TOC, TON, LFOC and LFON in the 0-15 cm soil layer compared to corresponding CT and S Rem treatments. Because of the combined effects of ZT in reducing oxidation of organic matter and of S Ret in increasing input of C to soil, mass of the TOC, TON, LFOC and LFON in soil in our study was much higher in the combination treatments of the ZT and S Ret compared to the CT and S Rem . Previous results in the Canadian prairies show an increase in organic C and/or N from N fertilization (Janzen et al. 1998; Nyborg et al. 1995) . Similarly, in our study, annual applications of N fertilizer significantly increased TOC, TON, LFOC and LFON in soil, and the amount of organic C and N stored in the soil usually increased with N rate. The soil at the present experimental site has relatively low organic matter, and is considered to be very deficient in plantavailable N for optimum crop growth and yield. Yield response of crops to N at this site would support these statements. Therefore, this increase in organic C and N in soil was most likely due to the increase in crop yield with N fertilization, thus returning more organic C and/or N to the soil at higher N rates through crop residue including straw, chaff (Campbell et al. 1991; Nyborg et al. 1995; Malhi and Lemke 2007) and root mass (Lorenz 1977; Malhi and Gill 2002) . The lower mass of soil C and N with S Rem than S Ret suggests that the practice of removing straw from fields for on-farm and industrial uses or to facilitate seeding operations may, in the long run, result in soil degradation or deterioration related to physical, chemical or biological properties, especially under CT Singh and Malhi 2006) . In the present study, the comparisons between S Rem and S Ret treatments were made only at the zero-N rate, and probably the increase in organic C and N may have been much greater if N fertilizer was used in these treatments.
The effect of soil, crop residue and fertilizer management practices on C sequestration in soil is additive. So, the total amount of organic C stored in the soil is the difference between C input (crop residues) and C output (C loss through gases from decomposition of crop residues, with few exceptions such as soil erosion). Therefore, one would expect a dramatic increase in organic C in soil from a combination of ZT, straw retention and proper/ balanced fertilization. Similarly, in our long-term study, the mass of TOC, TON, LFOC and LFON in soil increased with elimination of tillage, straw retention and N fertilization, with the highest mass of TOC, TON, LFOC and LFON in 0-15 cm soil layer usually in the ZTS Ret 100 treatment. The increase in organic C and N in soil was most likely associated with the amounts of above-ground and below-ground crop residues retained, resulting in input of organic C and N to soil, as suggested by Campbell et al. (1991 Campbell et al. ( , 1998 and Nyborg et al. (1995) .
Light fraction organic matter (LFOM) in soil reflects a balance between crop residues input, and their decomposition and persistence, depending on the soil-climatic conditions (Gregorich and Janzen 1995; Carter et al. 2003; Gulde et al. 2008) . The decomposition of LFOM is relatively faster than total organic matter in soil (Sollins et al. 1984; Bonde et al. 1992) , and this could provide an increased supply of plant-available N and other nutrients to plants , maintain high microbial populations, enzyme activity (Kanazawa and Filip 1986) and soil respiration rate (Janzen et al. 1992) , and improve soil physical properties or overall soil quality/health (Singh and Malhi 2006) . Research has shown that LFOC and LFON are more sensitive to management practices than TOC and TON (Malhi et al. 2003a, b, c) . Similarly, from the results in our present study on TOC, TON, LFOC and LFON in the soil under ZT and CT with S Ret in the 100 kg N ha -1 treatment, it is obvious that the changes in LFOC and LFON were more pronounced than TOC and TON. For example, in the 0-15 cm soil layer after 27 years, the ZTS Ret 100 treatment increased TOC by 24.6%, TON by 19.8%, LFOC by 139.0% and LFON by 193.9% compared to the ZTS Ret 0 treatment. Similarly the CTS Ret 100 treatment increased TOC by 45.0%, TON by 21.7%, LFOC by 66.0%, and LFON by 93.4% compared to the CTS Ret 0 treatment. Other researchers have also observed larger responses of LFOC and LFON to elimination of tillage, straw retention and N fertilization than responses of TOC and TON (Bremer et al. 1994; Solberg et al. 1997; Malhi and Lemke 2007) . Therefore, the changes in LFOC and LFON can be considered good indicators of changes in soil C and N as a result of the elimination of tillage, residue return, appropriate fertilizer use and other management practices. This also suggests that monitoring the changes in LFOC and LFON in the surface soil appears to be a good strategy to determine the potential for N supplying power, and improvement in soil quality/health. The trend of higher organic C and N in light organic fractions than their total organic fractions in the S Ret treatment under ZT was most likely due to a combination of a greater input of C and N to soil through straw and chaff in the S Ret treatment (Malhi and Lemke 2007) plus increased root mass from fertilization (Malhi and Gill 2002) , and reduced loss of organic C and N from mineralization of crop residues through elimination of tillage (Doran 1980; Doran and Scott-Smith 1987) . The reduction in soil C and N in the S Rem treatments suggests that the practice of straw removal to facilitate the seeding operation may degrade/deteriorate soil quality in the long term (Dalal 1989 (Dalal , 1992 .
Among the other dynamic fractions, C min and N min showed a trend of greater increase with S Ret than S Rem , and with ZT than CT. Mineralizable C and N increased with N fertilization and rate, but decreased with soil depth. Other studies have also shown an increase in N min in soil due to N fertilization rate, and its decrease with soil depth (Patra et al. 1999) . Soil N availability is usually the most limiting factor for crop production (Pastor et al. 1984) . Because the majority of the available N used for the synthesis of plant biomass is produced by mineralization from native soil organic N, this source of N should be considered when determining nutrient requirements of crops (Uri et al. 2003) . In our study, the increase in N min in soil suggests that the N-supplying power of soil can be improved by returning straw to the soil and eliminating tillage. These data also suggest the possibility of increase in greenhouse gas (GHG) emissions, if the soil is tilled.
In our study, both MOM-C and MOM-N tended to increase in soil when straw was retained and N fertilizer was applied. This suggests that in treatments receiving S Ret and N fertilizer, the MOM fraction may contribute more plant-available N to crop plants compared to whole soil organic matter, as MOM comprises a large proportion of the LFOM (Warren and Whitehead 1988) .
In nutrient cycling, soil microbial biomass mediates the process and acts both as a source and a sink for nutrients (Dalal 1998) . Earlier research has shown that MB-C is usually higher under ZT or reduced tillage than CT (Lupwayi et al. 1999; CarpenterBoggs et al. 2003; Liebig et al. 2004) . However, in our study MB-C was little affected by the elimination of tillage and/or return of straw to the soil. Other research in the Canadian prairies also shows no difference in MB-C between ZT and CT or minimum tillage (Campbell et al. 1997c) . The lack of differences in MB-C between ZT and CT treatments in our study could be due to the MB being more sensitive to short-term environmental conditions than to any long term trends (Campbell et al. 1999) .
Straw retention and fertilizer N input increased the dynamic organic C and N fractions in our study. However, other results from Lethbridge, Alberta, indicated that N fertilization did not increase the LFOC or LFON, and had inconsistent effect on the C:N ratio in LFOC and LFON (Bremer et al. 1994) . Our experiment did have a higher C:N ratio for the CTS Rem 0 than ZTS Ret 100, indicating that not only do ZT, straw retention and fertilizer N addition increase the dynamic organic fractions, but they also change the C:N ratio.
Previous long-term studies on annual grain crops in western Canada have shown significant positive correlations between soil organic C (SOC), soil organic N (SON), light fraction organic matter (LFOM), LFOC, C min , N min or water stable aggregates (WSA) and the input of crop residue, residue C, or residue N in most field experiments (Bremer et al. 1994; Nyborg et al. 1995; Campbell et al. 1997a, b; Izaurralde et al. 2001; Carter et al. 2003; Liang et al. 2003 Liang et al. , 2004 McConkey et al. 2003; Gulde et al. 2008) . One would thus expect a positive relationship between increases in organic C or N in soil and the input of increased amounts of crop residues or residue C and N input, especially in labile organic fractions, can be greatly increased by the input of crop residue. Similarly in our study both after 19 and 27 years, there were significant linear regressions between the amount of crop residue or residue C input and mass of organic C or N in the 0-15 cm soil layer in various organic fractions in most cases. The close linear relationship between TOC, TON, LFOC or LFON and the amount of crop residue or residue C returned to soil in our study was most likely associated with the increase in crop yield from N fertilization (Nyborg et al. 1995; Campbell et al. 1997a) .
Gray Luvisol soil in our study had a relatively low SOC content, and showed a positive response of organic C and N to elimination of tillage, straw retention and N fertilization. Similarly, Nyborg et al. (1995) showed a significant increase in organic C storage from crop residue return only in a soil with low organic C content, but not in a soil rich in organic C, and Campbell et al. (1991 Campbell et al. ( , 1997b , also working in the Canadian Prairies (Indian Head), reported a significant relationship between crop residue input and increase in SOC, but did not observe any association between SOC and crop residue input on a fine-textured thick Black Chernozem soil at Melfort, even after 31 years. They attributed this lack of response to an inherently high level of organic matter in Melfort soil. Earlier research has also shown that the amount of C sequestered in soil depends on the initial organic C content in soil (Hassink and Whitmore 1997) .
Overall, our results suggest that the build-up of organic C in soil was associated with improvement in soil properties, such as nutrient supplying power. In addition to improving TOC and TON, higher amounts of crop residue may also improve soil aggregation and water infiltration as well as decrease water runoff and soil erosion, thereby increasing sustainability of crop production (Singh and Malhi 2006; Malhi and Lemke 2007) . (Fig. 1a) . Soils under CT had a higher average decrease in TOC concentration than soils under ZT. Soils with straw retention had a slower decrease in TOC concentration than soils with straw removal.
Considering only the ZT treatments, ZTS Rem 0 resulted in a steady loss of TOC concentration in the 0-15 cm soil depth over the years (Fig. 1b) . ZTS Ret 0 treatment kept TOC concentration unchanged over the first 19 years of the experiment, however since then the TOC concentration underwent a steady decrease. ZTS Ret 50 and ZTS Ret 100 treatments resulted in a sharp increase in TOC concentration in soil over the first 11 years. Since then a steady decrease in TOC occurred over time, and the effects of 50 and 100 kg N ha -1 rates were almost the same. Under CT and straw retention, CTS Ret 50 and CTS Ret 100 treatments resulted in a strong increase in TOC concentration in the 0-15 cm soil depth during the first 11 years of the experiment (Fig. 1c) . Since then, the TOC concentration decreased under both N rates, the 50 kg N ha -1 rate having the strongest negative effect.
The reductions in TOC in the 0-15 cm soil layer over years in the zero-N treatments under CT were most likely due to tillage. Incorporation of crop residue into soil made it more accessible to soil microorganisms, resulting in relatively faster oxidation/decomposition of organic matter. The highest loss of TOC in soil under the CTS Rem 0 treatment was due to a combination of straw removal and tillage. In the N-fertilizer treatments, the increase in TOC from 1979 to 1990 in the CTS Ret 50 and CTS Ret 100 treatments was from returning crop residue, but its reduction in 1998 or 2007 was most likely due to dry (drought) weather conditions that prevailed in several years of this study. In the ZTS Rem 0 treatment, the loss of TOC in soil over years was most probably due to removal of crop residue, which was amplified by dry weather conditions, as suggested for CT. Izaurralde et al. (2001) observed an increase or no reduction of C on a continuous wheat-oats-barleyhay-hay rotation after 50 years at Breton. Nyborg et al. (1995) observed a significant increase in the concentration of organic C in the 0-15 cm soil layer between 1979 and 1990. Straw removal has been observed to decrease TOC and TON over years (Campbell et al. 1991 . Similarly, our study showed a substantial loss in TOC concentration in the 0-15 cm soil layer in the CTS Rem 0 treatment when comparisons were made between 1979 and 1998 or 2007. Nyborg et al. (1995) indicated that inputs of straw resulted in a greater concentration of TOC in the soil compared to treatments when straw was removed. Our results support the findings of that study, because the TOC in soil was markedly enhanced in fertilized treatments where straw was retained and tillage was eliminated. In ZTS Ret treatments, the relative decrease in TOC concentration over time (1979-1998 or 2007) was much less than in the CTS Rem 0 treatment because tillage caused oxidation of organic C and minimal addition of straw due to poor crop yield because of limited available N in soil. The lack of an increase in TOC concentration from 1998 to 2007 could be because the plots in our study may have reached a new steady state and no further changes in C or N can be measured unless there is a change in management. The time required to reach a new steady state is 10-20 years after a change in management (Bremer et al. 1995) , which is less than the time-frame our study plots have been under present tillage, straw and N fertilizer management.
Conclusions
Zero tillage, S Ret and N fertilizer treatment usually increased TOC, TON, LFOC, LFON, C min and N min in the 0-15 cm soil depth compared to the corresponding CT, S Rem and zero-N treatments. Soil MB-C, MOM-C and MOM-N in soil generally improved with S Ret and N application compared to corresponding S Rem and zero-N treatments. There were close and significant correlations among most soil organic C or N fractions, except for MB-C which did not correlate with MOM-N, and N min did not correlate with MOM-C. Linear regressions between crop residue C input and soil organic C or N were significant in most cases, except for MB-C and N min . retention and N fertilizer application at 50 and 100 kg N ha -1 under both ZT (ZTS Ret 50 and ZTS Ret 100) and CT (CTS Ret 50 and CTS Ret 100) resulted in a strongest increase in TOC during the first 11 years, and since then the TOC decreased under both N rates but 50 kg N ha -1 rate under CT (CTS Ret 50) showed the strongest negative effect on TOC. In conclusion, elimination of tillage, straw retention and N application all improved organic C and N in soil, and generally differences were more pronounced for light fraction organic C and N, and between the most extreme treatments (CTS Rem 0 vs. ZTS Ret 100) for each dynamic organic fraction. This may be better for the long-term sustainability of soil quality and productivity.
